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Abstract 26 
 27 
An experimental campaign was carried out to determine the influence of polypropylene fibre 28 
content and length on the post-cracking response of a Sandy-Clay stabilised with different 29 
cement contents. Three main sets of specimens were prepared: cement-stabilised specimens 30 
with two cement contents (5% and 10%); fibre-reinforced specimens with three fibre contents 31 
(0.1%, 0.2% and 0.3%) and cement-fibre-reinforced specimens combining the mentioned fibre 32 
and cement contents. Tensile tests on the fibres and indirect tensile tests and triaxial 33 
compression tests on the prepared specimens were conducted. Results show that the post-34 
cracking behaviour is strongly affected by the combination of fibre and cement content as well 35 
as fibre length. Pull-out was the governing failure mode. Post-peak tension loss rate increased 36 
with fibre content, as a result of the loss of influence of the fibres on the post-peak behaviour. 37 
On the contrary, an increase in fibre content resulted in higher pre-peak strength gain rates and 38 
higher peak stresses.  39 
 40 
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1. Introduction 45 
 46 
Even though fibre reinforcement has been attracting the attention of the geotechnical 47 
community for some time, the technique has recently gained a renewed interest and is now the 48 
subject of several research works. This renewed enthusiasm is based on promising research and 49 
application results, which show that the technique is quite effective and might be a good 50 
solution for geotechnical structures in which the settlements (serviceability aspects) do not have 51 
a huge impact on its design criteria, such as earth embankments, backfill of both gravity and 52 
reinforced retaining walls (Eldesouky et al., 2013) and slope stabilisation (Gregory and Chill, 53 
1998; Gregory, 2011a, 2011b, 1998), or even more settlement-dependent geotechnical 54 
structures, like strip footings (Nasr, 2014). 55 
 56 
It is well known that the addition of discrete fibres to a brittle matrix can provide different types 57 
of benefits, based on the additional resistance to crack initiation and, mainly, on the crack width 58 
restraint and residual strength enhancement. Within the geotechnical context, distinct studies 59 
have also been conducted to assess the benefits of reinforcing soils with randomly distributed 60 
discrete fibres on the soil’s mechanical properties, namely on the uniaxial and triaxial 61 
compression and direct shear behaviour (Al-Refeai, 1991; Cai et al., 2006; Chauhan et al., 2008; 62 
Consoli et al., 2010; Cristelo et al., 2015; Diambra et al., 2010; Falorca and Pinto, 2011; Hamidi 63 
and Hooresfand, 2013; Lirer et al., 2011; Michalowski and Čermák, 2003; Nasr, 2014; Tang et 64 
al., 2007, 2010; Yi et al., 2015; Yilmaz, 2015; Zhang et al., 2015; Zhu et al., 2014). 65 
Additionally, and since every type of soil has a very poor response to tensile stresses, the use 66 
of fibres to improve the soil’s behaviour when subjected to such stresses is very appealing and 67 
has thus been the subject of several research papers (Correia et al., 2015; Li et al., 2014; Olgun, 68 
2013). However, the simultaneous use of cement and discrete fibre reinforcement creates a 69 
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complex material in terms of tensile strength, especially on the post-peak stress segment of the 70 
load-displacement curve. This structural response has not yet been fully characterised, and is 71 
thus the main subject of the present paper. 72 
 73 
In general, the fibres are responsible for an increase of the compressive and shear strength, 74 
especially at the post-peak and residual (post-cracking) stages, and the extent of such 75 
improvement is intrinsically dependent of several factors, such as: fibre properties, geometry 76 
and content; fibre distribution and orientation within the matrix; existence and magnitude of 77 
artificial cementation (using, for instance, Portland cement or lime); and fibre-soil bonding 78 
(stress-slip behaviour).  79 
 80 
The present paper aims a thorough characterisation of the tensile stress post-peak response of a 81 
polypropylene fibre reinforced sandy-clay. It is part of an extensive research programme 82 
designed to understand the mechanical response of a very common Portuguese soil, when 83 
reinforced with fibres, as well as the potential need for additional chemical stabilisation. The 84 
experimental work comprised indirect tensile splitting tests of sandy-clay soil specimens with 85 
and without discrete fibre reinforcement (0.1, 0.2 and 0.3% by dry weight), and with or without 86 
Portland cement (5.0 and 10.0% by dry weight), tensile stress tests on the fibres and triaxial 87 
tests on the reinforced soil, to assess the confined constitutive behaviour.  88 
 89 
 90 
2. Experimental program 91 
 92 
2.1. Materials characterisation     93 
 94 
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Additional geotechnical and microstructural details, as well as a more thorough explanation on 95 
the preparation of the fibres, can be found in (Cristelo et al., 2015). The following is the essential 96 
information presented in the aforementioned paper. 97 
 98 
The soil was collected in the Campus of the University of Trás-os-Montes e Alto Douro 99 
(UTAD), in the northeast of Portugal. Geotechnical characterisation is summarised in Table 1, 100 
and based on these the soil was classified as CL – Sandy Lean Clay (ASTM D2487,  2011).  101 
 102 
Table 1 103 
Main geotechnical properties of the soil, including particle size distribution 104 
Property   Value Unit 
Plastic Limit 14.59 % 
Liquid Limit  23.46 % 
Organic matter content 2.64 % 
Soil particle density 26.83 kN/m3 
D50 0.045 mm 
Uniformity Coefficient 6.92 - 
Curvature Coefficient  0.53 - 
Optim. water content a  13.5 % 
Max. dry unit weight a 18.9 kN/m3 
Size  
(mm) 
Passing  
(%) 
Size  
(mm) 
Passing  
(%) 
9.51 98.36 0.075 55.58 
4.76 96.07 0.043 48.64 
2.00 92.64 0.031 40.16 
0.841 86.52 0.021 23.19 
0.425 81.34 0.013 11.88 
0.250 77.63 0.009 6.22 
0.180 70.22 0.006 3.39 
0.106 65.03 0.003 0.57 
a Standard Proctor test 105 
 106 
Microstructural characterisation of the soil, using scanning electron microscope (SEM) and X-107 
ray energy dispersive spectrometry (EDS) analysis, revealed that almost 80% of the soil is 108 
constituted by silica and alumina, while the use of cement significantly increased the calcium 109 
content of the original soil. X-Ray diffraction patterns of the soil showed the presence of quartz, 110 
calcite, illite, nacrite and muscovite on the mineralogical composition (Cristelo et al., 2015).  111 
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Portland cement CEM I-42.5R (where R stands for initial high strength cement, with a 113 
minimum compressive strength of 20 and 42.5 MPa, respectively, at 2 and 28 days, according 114 
to NP EN 197-1 standard) and polypropylene (C3H6) fibres were used. According to the 115 
manufacturers’ specifications, the density of the fibres and the cement was 8.92 kN/m3 and 116 
30.89 kN/m3, respectively. The fibres had an average diameter of 31 µm and length of 117 
approximately 12 and 49 mm. Also according to the manufacture’s specifications, these fibres 118 
have characteristic tensile stress and ultimate strain of 220 MPa and 111.1 %, respectively. In 119 
order to confirm these values, and due to the importance of the fibres’ tensile stress-strain 120 
response for the present study, a set of tensile tests was performed in order to validate the 121 
information obtained from the manufacture.  122 
 123 
2.2. Specimen fabrication  124 
 125 
Preparation of the soil included drying and de-flocculation by hand. Soil-cement specimens 126 
were dry mixed for 10 min in a Hobart counter mixer, and two different cement/soil weight 127 
ratios of 0.05/0.95 (5%) and 0.10/0.90 (10%) were used. The fibres were then carefully added, 128 
by hand, in weight ratios of 0.001, 0.002 and 0.003, and an additional 10 min mixing period 129 
was followed. The water (deionised) was the last component to be added, prompting an 130 
additional 10 min mixing period. The fibres were considered as part of the solids, instead of 131 
part of the voids’ volume (Ibraim et al., 2012). The overall microstructure of a soil-cement-132 
fibre mixture is generally depicted in Figure 1, in which it is possible to observe the relative 133 
dimensions between the soil particles and the fibres. 134 
 135 
Cristelo N et al., Influence of fibre reinforcement on the post-cracking behaviour of a cement-stabilised sandy-clay subjected 
to indirect tensile stress, Construction and Building Materials, Elsevier, 138: 163-173, 2017.  
Doi: 10.1016/j.conbuildmat.2017.02.010 
 
7 
 
 136 
Figure 1: Microstructural spatial arrangement of the soil particles and the fibres 137 
 138 
All the specimens were moulded with a dry unit weight of 18.0 kN/m3 (as mentioned, the fibres’ 139 
mass was included as part of the solids’ mass). A water content of 16% was used to fabricate 140 
every specimen, independently of the inclusion of cement and/or fibres. Both the dry density 141 
and the water content do not match the ideal compaction characteristics, with values below and 142 
above the maximum dry density and optimum water content, respectively. The reason for this 143 
water excess was to account for the cement hydration, and the corresponding reduction in dry 144 
density was needed to keep the moulding point on the Proctor test curve. The voids ratio of 145 
each type of mixture (identified in Table 2) was calculated based on the density of each material 146 
(soil, cement and fibres) and their respective weight proportions. Forty-eight hours after 147 
compaction, during which the top and bottom of the moulds were covered with cling film and 148 
kept at 20ºC ± 1º and 90% RH ± 3%, the specimens were demoulded and left to cure, in the 149 
same previous conditions, for the remaining of the 28 days period. 150 
 151 
Table 2 152 
Identification and characterisation of all the mixtures fabricated 153 
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Label  Fibre a,b 
content  
(%) 
Cement 
content 
(%) 
Fibre 
length 
(mm)  
w/c Voids b 
ratio 
TA.0.0 0.0 0.0 - - 0.491 
TA.1.0 0.0 5.0 - 3.200 0.502 
TA.2.0 0.0 10.0 - 1.600 0.513 
TB.0.1 0.1 0.0 12.9 - 0.490 
TB.1.1 0.1 5.0 12.9 3.197 0.501 
TB.2.1 0.1 10.0 12.9 1.598 0.512 
TB.0.2 0.1 0.0 49.54 - 0.490 
TB.1.2 0.1 5.0 49.54 3.197 0.501 
TB.2.2 0.1 10.0 49.54 1.598 0.512 
TC.0.1 0.2 0.0 12.9 - 0.489 
TC.1.1 0.2 5.0 12.9 3.195 0.500 
TC.2.1 0.2 10.0 12.9 1.598 0.511 
TC.0.2 0.2 0.0 49.54 - 0.489 
TC.1.2 0.2 5.0 49.54 3.195 0.500 
TC.2.2 0.2 10.0 49.54 1.598 0.511 
TD.0.1 0.3 0.0 12.9 - 0.488 
TD.1.1 0.3 5.0 12.9 3.192 0.499 
TD.2.1 0.3 10.0 12.9 1.596 0.510 
TD.0.2 0.3 0.0 49.54 - 0.488 
TD.1.2 0.3 5.0 49.54 3.192 0.499 
TD.2.2 0.3 10.0 49.54 1.596 0.510 
a Relatively to the soil + cement weight 154 
b Considering the fibres as part of the solids content 155 
 156 
The cylindrical specimens used in the indirect tensile tests (IT) were compacted in three equal 157 
layers, using static compaction, with a diameter of 70 mm and height of 140 mm. Four different 158 
types of specimens were prepared for the triaxial tests (TC): unreinforced specimens 159 
(previously designated by TA.0.0), cement-reinforced specimens (TA.2.0), fibre-reinforced 160 
specimens (TC.0.2) and cement-fibre-reinforced specimens (TC.2.2). The TC specimens were 161 
fabricated with the same properties of the IT specimens’ (i.e. void ratio, dry unit weight and 162 
water content) and diameter (70 mm). However, due to the need to accommodate the axial strain 163 
sensors (linear displacement transducers), the height of the TC specimens was 160 mm, instead 164 
of the 140 mm used for the IT specimens. 165 
 166 
2.3. Tensile testing of the fibres 167 
 168 
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Due to the difficulties associated with the tensile test of a single fibre – regarding the gripping 169 
setup necessary to apply the tensile force and also the extremely low tensile strength of one 170 
single fibre, which proved to be impossible to read accurately using the available load cell – it 171 
was decided to test several fibres simultaneously, with each set composed by 10 fibres. For that 172 
purpose, two plastic tubes, with a diameter of 5 mm, were used to hold both ends of each of the 173 
10 fibres (Figure 2). The fibres were held in place while one of the tubes was filled with glue. 174 
After this first end was dry, the second end of the fibres was inserted in the other tube and kept 175 
stretched while the glue was applied. That way it was possible to guarantee that the 10 fibres 176 
had precisely the same free length between both tubes, which was then accurately measured. 177 
This procedure made possible to firmly restrain the ends of the 10 fibre set in the metallic grips 178 
(Figure 3). An Instron® Microtensile Tester, model 5848, with a 2 kN load capacity, was then 179 
used to perform the tests and to obtain the full stress-strain curves. Each specimen had a gauge 180 
length of 25 mm, and the tests were carried out under displacement control, with an extension 181 
rate of 0.2 mm/min. Every test was stopped only after all the fibres had failed, since no slipping 182 
between the fibres and the gripping system was detected. The room temperature during the tests 183 
was recorded at 22.5ºC ± 0.5ºC. 184 
 185 
 186 
Figure 2: Set of 10 fibres used for the tensile tests 187 
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 188 
 189 
Figure 3: Initial phase of a tensile test, showing the ends of the fibres’ set firmly restrained by the grips 190 
 191 
2.4. Indirect tensile testing 192 
 193 
An Instron® electro-mechanical testing rig, fitted with a 10 kN load cell, was used for the 194 
indirect tensile strength tests. The tests were carried out under monotonic displacement control, 195 
at a rate of 0.4 mm/min, and the entire stress-strain curve was obtained from each test. Three 196 
specimens per mixture were prepared and tested. Based on British Standards recommendations 197 
(BSi EN 13286, 2003), two prismatic hardboard packing strips, with dimensions 140x7x4 mm3, 198 
were installed on opposite generatrices of the specimen (Figure 4). Each strip was discarded 199 
after only one application. The relative displacement of the loading plates was taken as the 200 
average readings of two LVDT sensors.  201 
 202 
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 203 
Figure 4: Indirect tensile test setup (EN 13286, 2003) 204 
 205 
2.5. Triaxial testing 206 
 207 
Two consolidated-drained (CD) triaxial compression tests (Figure 5) were performed per 208 
selected mixture, using consolidation isotropic effective stress states of p’=10 kPa and 209 
p’=50 kPa. A servo-hydraulic testing rig, fitted with a 25 kN load cell, was used to apply the 210 
deviatoric load, under monotonic displacement control, at a rate of 0.01 mm/min. Such 211 
relatively low displacement rate was used in order to monitor the development of any 212 
unexpected pore water pressure, since the specimen was not initially saturated (an initial 213 
assumption was made that the reduction in the unsaturated void ratio during the test would not 214 
be sufficient to develop pore water pressures). The entire stress-strain curve was obtained from 215 
each test. The specimen axial deformation was the average of the readouts of two Linear 216 
Displacement Transducers (LDT), while an additional LDT was installed to monitor the radial 217 
deformation.  218 
 219 
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 220 
Figure 5: Triaxial test setup showing Linear Displacement Transformers (LDT) instrumentation 221 
 222 
 223 
3. Experimental results 224 
 225 
3.1. Tensile behaviour of the fibres 226 
 227 
The results of 5 tensile tests are presented in Figure 6. Based on these results, and considering 228 
that a total of 10 fibres were tested simultaneously, each with a diameter of 31 µm, the average 229 
maximum tensile stress and secant Young’s module (at 50% of the peak stress) of 426 MPa and 230 
2.67 GPa, respectively, were estimated. These results were based on the stress values 231 
corresponding to a strain level of 35%, and the overall evolution and absolute values of these 232 
curves are in accordance with those obtained by Ibraim et al. (2012). The design tensile stress 233 
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defined by the manufacturer was approximately 50% of the average estimated tension value, 234 
which suggests a factor of safety of 2. 235 
 236 
 237 
Figure 6: Tensile stress-strain curves obtained with sets of 10 fibres 238 
 239 
3.2. Indirect tensile behaviour 240 
 241 
The force-displacement curves obtained during the indirect tensile tests are shown in Figure 7. 242 
The effect of cement content is very clear, with the increase in cement content producing a 243 
consistent increase in both the stiffness and peak stress. This effect is confirmed by the images 244 
presented in Figure 8 – obtained as soon as the peak stress was reached – showing the increase 245 
in the crack width with the decrease of the cement content, for the series reinforced with 0.20% 246 
fibres.  247 
 248 
Although the fibres’ effect is visible in the pre-peak branch, it is more preponderant on the post-249 
peak behaviour, with an increase in ductility (5% and 10% cement) translated by the appearance 250 
of strain-softening on the fibre reinforced mixtures, as opposed to the abrupt decline of 251 
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unreinforced mixtures (0% fibres). However, it is worth noting that the post-peak strain-252 
softening slopes of the 10% cement specimens tended to similar load levels, independently of 253 
the fibre content (0.1, 0.2 and 0.3%), and the same occurred for the 0% and 5% cement 254 
specimens. For higher diametric strains (defined as the reduction of diameter in the vertical 255 
direction divided by the initial diameter) the post-peak response appears to depend mostly on 256 
the fibre content, and less on the cement content. With the crack widening and the 257 
corresponding decline in tensile strength of the soil-cement matrix, the fibres become the only 258 
resistance to the tensile stress imposed. 259 
 260 
Another particularly interesting nuance is the sudden decline, after the peak load, of the curves 261 
correspondent to the materials with 5% and especially 10% cement (dark circles in Figure 7). 262 
In some cases, this decline was almost immediately followed by a second phase of strength 263 
increase which, in the case of the 5% cement mixtures, reached even higher strength levels than 264 
in the original phase of strength increase. Several authors have reported such behaviour (Olgun, 265 
2013; Sobhan and Mashnad, 2002). The development of this second phase of strength increase 266 
is related to distinct micromechanical mechanisms: 267 
 268 
- The cement reinforced soil matrix, which has a lower tensile strength than the fibres, 269 
starts to be elastically deformed up to the formation of micro-cracks, which will then 270 
coalesce into a macro-crack roughly when the peak load is attained. 271 
- After the localization of the inelastic deformation, the crack width increase was 272 
followed by a sudden decrease of the load, whereas the fibres become progressively 273 
mobilized, bridging the stresses along the crack surfaces and leading to a small pseudo-274 
hardening stage. As the fibres are further mobilized, distinct fibre reinforcement 275 
mechanisms may occur depending on the fibre and cement content, as well as fibre 276 
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length. In general, for the mixtures with the lower cement content, the smooth softening 277 
post-peak behaviour may indicate that the fibres were fully pulled out, which was 278 
confirmed by visual examination. On the contrary, for the highest cement content 279 
mixtures, the main failure mechanism was fibre rupture (based also on visual 280 
examination) possibly due to a higher interface bond strength.  281 
 282 
 283 
Figure 7: Force-displacement curves, as a function of the fibre content, obtained during the indirect tensile 284 
strength tests 285 
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 286 
 287 
Figure 8: Failure mode of 0.20% fibre content specimens as a function of cement content and fibre length 288 
 289 
The load F uniformly applied on two diametrically opposite generatrices of the cylindrical 290 
specimens produces a biaxial stress state, which is fully characterized by the elasticity theory 291 
(Carmona and Aguado, 2012). The vertical and horizontal stresses produced at the axis of the 292 
cylinder can be estimated using equations (1) and (2), respectively, based on the geometry – 293 
length (H) and diameter (D) – of the specimen. The maximum indirect tensile strength (peak 294 
horizontal stress) corresponding to each curve, which in BSi EN 13286 (2003) is designated by 295 
Rit, was calculated and the average values are presented in Figure 9. 296 
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 297 
 
𝜎𝜎ℎ𝑜𝑜𝑜𝑜 = 𝑅𝑅𝑖𝑖𝑖𝑖 = 2𝐹𝐹𝜋𝜋𝜋𝜋𝜋𝜋 (1) 
 298 
 
𝜎𝜎𝑣𝑣𝑣𝑣𝑜𝑜 = 6𝐹𝐹𝜋𝜋𝜋𝜋𝜋𝜋 (2) 
 299 
It is again possible to conclude that the tensile strength increased with cement and fibre content, 300 
as well as fibre length. Additionally, the influence of fibre content on the Rit value was more 301 
significant on the mixtures with higher cement content, which might be explained by the 302 
increased adhesion between the fibres and the soil matrix, provided by the cement paste, i.e. the 303 
fibre influence on the overall behaviour depends on the adhesion with the soil particles, and the 304 
cement provide an efficient binding media that potentiates this adhesion. On the contrary, the 305 
mixtures with lower cement content will possess lower levels of chemical adhesion between 306 
the soil particles and the fibres, and thus the pull-out mechanism will rely mostly on the friction 307 
between the two materials. Another possible explanation could be the decrease in the voids ratio 308 
with the increase in fibre content. Such reduction in the proportion between the air and the 309 
solids creates more compacted specimens, which could influence the gripping of the soil 310 
particles over the fibres. However, although the reduction rate in the voids ratio was very similar 311 
along each cement content, the 10% cement specimens were clearly more affected by the fibre 312 
content than the 0% and 5% cement content specimens, which suggests that the binder 313 
improved the bonding between the particles and the fibres. 314 
 315 
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 316 
Figure 9: Average Rit at peak as a function of fibre and cement content  317 
 318 
The stress applied on the vertical direction (plane formed by the opposite generatrices where 319 
the load is applied) was in turn estimated using Equation (2), and the average results were used 320 
to calculate the average secant modulus of each mixture (computed at 50% of the peak load). 321 
The results are presented in Figure 10, showing that both fibre length and content were 322 
influential on the pre-peak response of the 5 and 10% cementation levels. 323 
 324 
 325 
Figure 10: Secant modulus, obtained at 50% of the max load, as a function of cement, fibre content and fibre 326 
length 327 
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 328 
3.3. Triaxial compression behaviour 329 
 330 
The triaxial tests results presented in Figure 11. The specimens prepared only with cement 331 
(10%, TA.2.0) and no fibres showed an increase in peak stress, relatively to the unreinforced 332 
specimens (TA.0.0). However, the post-peak behaviour is clearly more fragile. In turn, the 333 
specimens reinforced only with fibres (0.2%, TC.0.2) presented a smaller peak stress increase, 334 
as observed by Yetimoglu and Salbas (2003), but have shown an improvement on the post-peak 335 
response – in the case of the test with a confinement pressure of 50 kPa, a slightly strain-336 
hardening behaviour was even observed.  337 
 338 
It is interesting to compare this somehow small peak strength increase between unreinforced 339 
and fibre-reinforced (no-cement) specimens with the significant peak stress increase that was 340 
obtained, for similar specimens, in indirect tensile strength tests. This is in accordance with the 341 
results obtained by Ibraim et al. (2012), which concluded that moist tamping specimen 342 
preparation (which is, in concept, similar to the specimen preparation used in the present work) 343 
produced greater resistance to tensile strains in the horizontal direction. In compression triaxial 344 
tests this a fairly influential aspect, as demonstrated by the higher strength obtained with the 345 
fibre reinforced specimens, when compared with the unreinforced specimens (although less 346 
significant, it was clear). However, it is normal to expect that, in tensile-based applications, like 347 
the indirect tensile tests performed, the horizontal fibre orientation becomes even more relevant, 348 
which explains the more significant role that the fibres have played. The combination of the 349 
reinforcement and the chemical stabiliser proved to be very effective. These results can be 350 
interpreted in the following manner: adding a relatively small quantity of 49.5 mm fibres to an 351 
artificially cement soil increased its stiffness and more than doubled the peak stress. 352 
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 353 
 354 
Figure 11: Triaxial compression tests performed on the original soil (TA.0.0), and on the soil stabilised with 355 
cement (TA.2.0) and reinforced with fibres (TC.0.2) and fibres+cement (TC.2.2). The Mohr-Coulomb failure 356 
criterion adjustment to the stress-strain curves is also presented 357 
 358 
The Mohr-Coulomb constitutive criterion (MC) was used to model the stress-strain curves, up to the 359 
peak load, in elastoplastic constitutive conditions. The elastic-perfectly-plastic behaviour assumed by 360 
such model does not properly reproduce the post-peak strain-softening, registered during the plastic flow 361 
phase of most tests. However, the MC model implemented through Equation (3) allowed the retrieving 362 
of the yield value F. The model fit is shown graphically in Figure 11, and the retrieved values are 363 
presented in Table 3.  364 
 365 
 
𝐹𝐹(𝑝𝑝′, 𝑞𝑞) = 𝑞𝑞 − 6 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙′3 − 𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙′ ∙ 𝑝𝑝′ − 6 ∙ 𝑐𝑐′ ∙ 𝑐𝑐𝑐𝑐𝑠𝑠𝜙𝜙′3 − 𝑠𝑠𝑠𝑠𝑠𝑠𝜙𝜙′  (3) 
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 366 
Table 3 367 
Backfill properties inferred from the adjustment of the Mohr-Coulomb constitutive model to the triaxial tests  368 
Mixture ID Mixture 
type 
σ’3 
(kPa) 
c’  
(kPa) 
φ’  
(º) 
E50  
(kPa) 
TA.0.0 (a) Soil 10 30 32 7000 
TA.0.0 (b)  50 30 32 12000 
TA.2.0 (a) Cem 10 60 43 16000 
TA.2.0 (b)  50 60 43 17000 
TC.0.2 (a) Fibres 10 59 28 18000 
TC.0.2 (b)  50 59 28 20000 
TC.2.2 (a) Cem +  10 137 49 57000 
TC.2.2 (b) fibres 50 137 49 70000 
 369 
The internal peak friction angle (φ’) increased from 32 to 43º with 10% cement, while an even 370 
more significant increase was registered for the cohesion (30 to 60 kPa). The addition of fibres 371 
(and no cement) produced an increase in strength, although with a slight decrease of the internal 372 
friction angle. The cohesion increase between the original soil and the fibre reinforced mixture 373 
was similar to that obtained between the soil and the soil-cement mixture, which is in 374 
accordance with the short peak-strength increase revealed by the triaxial tests. It is interesting 375 
to note that, contrary to the no-cement specimens, the addition of the same amount of fibres to 376 
a highly cemented matrix (10% cement, TC.2.2) produced a significant φ’ increase (43 to 49º), 377 
as well as more than doubled the cohesion value (60 to 137 kPa). This corroborates the previous 378 
conclusions regarding the indirect tensile tests, i.e. the effect of fibre content is more visible 379 
with the increase of cementation. 380 
 381 
 382 
4. Discussion 383 
 384 
4.1. Failure criterion of the fibres 385 
 386 
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Li and Zornberg (2013) have proposed, for situations where the failure is governed by yielding 387 
of the fibres, the use of Equation (4) to estimate the maximum distributed tension induced by 388 
the fibres (tt): 389 
 390 
 𝑡𝑡𝑖𝑖 = 𝜒𝜒 ∙ 𝜎𝜎𝑓𝑓,𝑢𝑢𝑢𝑢𝑖𝑖 (4) 
 391 
where χ is the volumetric fibre content, defined as the ratio of the fibre volume over the volume 392 
of the soil-cement-fibre mixture; and σf,ult is the ultimate tensile strength of an individual fibre, 393 
which was shown in Figure 6 to be approximately 426 MPa. Based on fibre density (8.92 394 
kN/m3) and dry unit weight of the specimens (18 kN/m3), the maximum tension values for each 395 
specimen can be estimated as a function of the fibre content (Table 4). 396 
 397 
Table 4 398 
Maximum distributed tension on the available fibres, as determined by Eq. (4) 399 
Fibre 
content (%) 
χ tt (kPa) 
0.1 0.00198 843 
0.2 0.00359 1682 
0.3 0.00592 2522 
 400 
It is then possible to conclude that the tt values are higher than the maximum Rit presented in 401 
Figure 9, meaning that the composite material is not taking full advantage of the tensile strength 402 
of the fibres. Such behaviour could be partially explained by several facts, such as the fact that 403 
not all fibres are oriented in the same direction; or the fact that they are not pulled at their full 404 
capacity at the exact same time. However, the difference between Rit and tt is so significant that 405 
the most viable explanation is the fact that the fibres are not reaching their full strain capacity 406 
during the indirect tensile tests, and thus their yielding stress. Since the tensile behaviour of 407 
these fibres is temperature-dependent, different strains could be needed to achieve the yielding 408 
stress, depending on the temperature at the time of each test. However, both types of tests 409 
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(tensile tests on the fibres and indirect tensile tests on the cylindrical specimens) were 410 
performed in the same room, with only a few weeks apart, and thus it is reasonable to assume 411 
very similar temperatures in both cases (the temperature measured during the fibre tensile tests 412 
was approximately 22.5ºC). Instead, the different strains are very likely originated by relative 413 
displacements (slip) between the particles and the surrounding soil particles, which enables the 414 
conclusion that fibre pull-out was the governing failure mode.  415 
 416 
Table 5 presents the average Rit values, estimated using Equation (1), of the 49.5 mm specimens 417 
at 3, 4 and 5 mm of diametric displacement, while Figure 12 represents the ratio between the 418 
average Rit and the corresponding maximum tt value, for each of the mentioned diametric 419 
displacements. It is interesting to note that the mobilised tensile stress, at each diametric 420 
displacement, increases with cement content (Figure 12a). Also, the rate at which the Rit / tt 421 
ratio decreases with the diametric displacement (crack widening) (Figure 12b), is significantly 422 
higher for the 10% cement mixtures than the 5% and, especially, the 0% cement mixtures. Both 423 
effects are probably a consequence of the already mentioned superior bonding between the 10% 424 
cement matrix and the fibres (mitigating the governing pull-out failure mode), as well as its 425 
higher stiffness relatively to the 0% and 5% cement specimens. The superior bonding and 426 
increased stiffness diminishes the possibility of both ends of each fibre to strain as the crack 427 
widens, which becomes possible only for the exposed central segment. Thus, at lower diametric 428 
strains (3 mm), the less wide crack of the higher cementation mixtures has produced a lower 429 
number of yielded fibres. However, as the diametric strain evolves to 4 and 5 mm, the crack 430 
widening of the 10% cement specimens is more effective in forcing the fibres to reach their 431 
yield stress than the more ductile and less gripping 0% and 5% cement specimens.  432 
 433 
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One final relevant observation can be made based on Figure 12a, which is the decrease of the 434 
tensile strength efficiency with the increase of fibre content. This somehow unexpected result 435 
might be a consequence of the increased difficulty, with increased fibre content, in achieving 436 
adequate homogenisation. As a result, it is possible to conclude that the efficiency gains with 437 
increased fibre content are not linear, since a lower percentage of added fibres will actually be 438 
contributing to the tensile effort. 439 
 440 
Table 5 441 
Average Rit (kPa) obtained for the 49.5 mm specimens at selected values of diametric displacement 442 
Cement 
content 
(%) 
Fibre 
content 
(%)  
Average Rit (kPa)  
3 mm 4 mm 5 mm 
0.0 0.1 17.5 16.4 15.9 
 0.2 20.9 19.9 19.0 
 0.3 23.1 22.5 21.6 
5.0 0.1 44.1 40.7 37.5 
 0.2 64.7 60.9 57.4 
 0.3 86.9 80.2 72.6 
10.0 0.1 74.0 58.4 51.7 
 0.2 114.9 86.7 65.2 
 0.3 135.1 93.5 78.1 
 443 
 444 
Figure 12: Rit / tt ratio evolution of the 49.5 mm specimens as a function of fibre content (a) and diametric 445 
displacement (b) 446 
 447 
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4.2. Fibre content 448 
 449 
Figure 13 shows that the correlation between the peak Rit and the corresponding diametric strain 450 
drastically decreases with the cementation level, corresponding to a decrease of the fibre content 451 
influence on the deformation at peak stress. This is a consequence of the fact that, without 452 
cement, all the fibres are included in the process of supporting the tensile forces, and thus the 453 
fibre content produces a high correlation between the Rit and the corresponding diametric strain. 454 
However, the addition of cement produces overall higher peak loads, for which some of the 455 
fibres are unable to resist, and thus a more random relation between Rit and diametric strain is 456 
attained.  457 
 458 
Cristelo N et al., Influence of fibre reinforcement on the post-cracking behaviour of a cement-stabilised sandy-clay subjected 
to indirect tensile stress, Construction and Building Materials, Elsevier, 138: 163-173, 2017.  
Doi: 10.1016/j.conbuildmat.2017.02.010 
 
26 
 
 459 
Figure 13: Rit as a function of diametric displacement, fibre content and cement content (note the different 460 
vertical scales) 461 
 462 
4.3. Fibre length 463 
 464 
In short, and based on Figure 8, it is possible to conclude that the peak load for the mixtures 465 
with the longer fibres is higher than that obtained with the 12.9 mm fibres. Also, for the 0.1% 466 
content, the post-peak strength loss rate of the 49.5 mm specimens was slower than the 12.9mm 467 
specimens, for every cement content. However, for the 0.2% and 0.3% fibre contents this is 468 
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only true for the lower cement levels (0% and 5%). For the 10% cement content, the strength 469 
loss rate of the specimens with 49.5 mm was actually faster than the specimens with 12.9 mm. 470 
The aforementioned conclusions may be explained by the following consequences related to 471 
the cement content increase: 472 
 473 
- First, the increase of the cement content will enhance the bond strength between the 474 
fibre / matrix. Therefore, up to the peak load, the chemical adhesion strength will be 475 
higher in the mixtures with higher cement content.  476 
- The lengthier fibres have a higher aspect ratio, therefore for these mixtures, statistically 477 
speaking, there will be more fibres bridging an active crack contributing in a first stage 478 
to an increase of the peak load.  479 
- The latter increase on the peak load will be more pronounced in the series with higher 480 
cement contents in which the interfacial bond strength is higher. 481 
- In the post-peak behaviour, after the localization of the inelastic deformation and 482 
formation of the macro-crack, the energy release due to the fracture process of the 483 
matrix will be restrained by the fibres stitching the active crack. For the series with the 484 
lengthier fibres with higher peak loads, and consequently, higher energy accumulated, 485 
in particular for the series with 10% of cement, 0.20 and 0.30% of fibres, the developed 486 
frictional strength may lead to fibre rupture, and consequently to a sharper load decay 487 
in the softening stage.   488 
 489 
4.4. Cement content 490 
 491 
To better understand the relative influence of the cement and fibre content on the pre and post-492 
peak response, the inclination of both segments (M1 and M2, respectively) was measured and 493 
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the average M1 / M2 ratio was determined and presented in Figure 14. The secant modulus 494 
values, computed for 50% of the peak load as already presented in Figure 10, were used as the 495 
M1 values, while the M2 values correspond to the slope of the segment of the force-496 
displacement curve indicated in Table 6.  497 
 498 
The M1 / M2 ratio decrease between the 12.9 and 49.5 mm for the 10% cement mixtures, which 499 
is contrary to what happens with the 0 and 5% cement mixtures, translates the less relevant role 500 
of the fibres on the post peak behaviour of the matrix with the higher cement content. This idea 501 
is corroborated by the fact that the 10% cement M1 / M2 values are approximately constant 502 
with fibre length and content. The reason for this is that, although the higher fibre contents were 503 
responsible for the higher peak loads, they were not capable to bridge the higher stresses when 504 
the matrix started to fracture, i.e. an increase in fibre content produced higher peak-loads, but 505 
at the same time, led to a more accentuated load decay on the post-peak stage.  506 
 507 
The same reasoning can be applied to the 0 and 5% cement content mixtures, in which the M1 508 
/ M2 ratios are significantly higher than those obtained for the 10% cement. For these lower 509 
cement contents, the fibres are able to bridge the stresses along the crack surfaces with a lower 510 
probability of fibre rupture. Within the 0% or the 5% cement results’ sets, an increase in fibre 511 
content results in an increased M1 / M2 ratio, which is only possible (especially since there is 512 
a M1 increase) with a decrease of the M2 slope. It is important to remember that a M2 decrease 513 
means that the fibre’s role becomes more influential.  514 
 515 
In short, and based on Figure 10 and Figure 14, it is possible to conclude that the fibre content 516 
influence on pre-peak and post-peak response increases and decreases, respectively, as the soil 517 
matrix becomes more fragile (i.e. with the increase of the cement content of the soil matrix). 518 
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 519 
 520 
Figure 14: M1 / M2 slope ratio as a function of cement and fibre content 521 
 522 
Table 6 523 
Displacement intervals used to measure the M2 inclinations 524 
Cement 
content 
(%) 
Fibre 
length 
(mm)  
Minimum 
displacement 
(mm) 
Maximum 
displacement 
(mm) 
0.0 - 1.0 1.2 
0.0 12.9 4.0 5.0 
0.0 49.5 4.0 5.0 
5.0 - 0.7 0.9 
5.0 12.9 3.0 4.0 
5.0 49.5 3.0 4.0 
10.0 - 0.9 1.1 
10.0 12.9 3.0 4.0 
10.0 49.5 2.5 3.5 
 525 
 526 
 527 
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5. Conclusions  528 
 529 
The indirect tensile strength of a fibre reinforced sandy-clay prepared with various fibre and 530 
cement contents was analysed and presented in this paper. Based on these results, the peak and 531 
especially the post-peak behaviour of the composite is better understood, with focus on the 532 
correlation between the fibre and cement content. The following main conclusions can be 533 
drawn: 534 
 535 
• Pull-out was the governing failure mode. 536 
• An increase in cement content reduces fibre influence on deformation. 537 
• Fibre content influence on strain at peak stress decreases with increasing cementation. 538 
• An increase in fibre content generates an increase in peak stress. 539 
• Fibre content influence on pre and post-peak behaviour increases and decreases with 540 
cement content, respectively. As a consequence, the post-peak tension loss rate 541 
increases with fibre content. 542 
• The mobilised post-peak stress does not increase linearly with fibre content, suggesting 543 
that homogenisation of the mixture is hindered by the increasing addition of fibres, and 544 
that a compromise must be found between peak and post-peak stress increase.  545 
• Increase in fibre length results in increased peak stress, for every cement and fibre 546 
content, while fibre length influence on post-peak behaviour depends on fibre and 547 
cement content. 548 
• If fibre reinforcement is intended, and thus the structure is expected to work beyond the 549 
ultimate limit state, a constitutive model more developed than the Mohr-Coulomb 550 
model is needed, in order to capture the post-peak residual behaviour of the composite 551 
material. 552 
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 553 
The addition of smaller quantities of reinforcement fibres, without artificial cementation and 554 
considering also the financial cost, can be considered as the most effective option, particularly 555 
when the application depends heavily on the tensile stress. 556 
 557 
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